Controlled environment, greenhouse cultivation of Sweet Charlie strawberries is technically an effective method to target niche winter markets. Supplemental lighting can help to accelerate fruit maturation, and to encourage a greater number of smaller fruit earlier in the season. Unless yield per plant can be drastically increased, achieving an economically viable system will require a planting density approaching 30 plants m -2 .
Introduction
The development of an optimized, high yield, economically viable commercial greenhouse strawberry production system for North America is desirable. All of the strawberries available in the local markets during the winter months are not locally grown (Pritts, 1998) , resulting in inferior product quality, due, in part, to the perishability of the crop. Most berries require premature harvest followed by shipment of great distances. Developing a system for the production of a locally grown, high quality product during the November to May time period is a long-term goal. Supplemental lighting (SL) can help maintain a more continuous, predictable harvest schedule, which in turn, guarantees a better opportunity to meet market demands. Humphreys, (1995) demonstrated that optimum control of supplemental photosynthetic lighting could be obtained for greenhouse tomato production. In addition to labor costs, high intensity discharge (HID) lighting is one of the largest overhead costs in the greenhouse operation. Changing the irradiance and the duration of SL operation will alter the daily light integral (DLI) provided for the plants. DLI (mol m -2 PAR) is determined by the irradiance (mol m -2 s -1 ) from the HID lamps and their operational time (s). Developing a method to effectively minimize this large capital and operational greenhouse cost is a critical step towards lowering the overhead in a potential commercial system. Previous investigations (Durner, 1999) have shown that pre-conditioned transplants (Fragaria x Ananassa Duch. cv. Sweet Charlie), grown in vertical PVC pipes filled with perlite (32 plants m -2 ), can produce an average of 141g of fruit per plant during the 60 day harvest period of December and January. These plants were grown with 6 hours of HID supplemental light (one, 1000 W Metal Halide lamp per 4 m 2 ) each day from 0200 to 0800 to provide long day conditions necessary for fruiting throughout the winter season within an environmentally controlled greenhouse. However, other than demonstrating feasibility, no indication of optimum irradiance was determined. Therefore our investigation focused on the management of supplemental lighting. It was hypothesized that plant yield and fruit quality would be proportional to the DLI. The objective of this study was to determine the effects of DLI on plant yield and timing of harvest using supplemental lighting in a hydroponic, greenhouse strawberry production system.
Materials and Methods
A 12 by 17 meter, computerized, climate-controlled, commercially available greenhouse with a crop production system (Humphreys, 1995) was used for the experiments at Bioresource Engineering Department, Rutgers University. The environmental control systems included: high pressure sodium (HPS) photosynthetic supplemental lighting, ebb and flood nutrient delivery on raised benches, and computer-based electronic environmental monitoring and control. All climate control strategies, including supplemental lighting duration and timing, day/night air temperature, and watering frequency were programmed and implemented automatically by computer. The atmospheric CO 2 , air temperature, and relative humidity were continually monitored and recorded. The greenhouse was covered with air-inflated, double-polyethylene film, oriented with its ridge in east to west direction (40 o 30' N latitude, 74 o 28' W longitude). DLI was automatically calculated and recorded, throughout the plant life cycle for each of four treatment benches, by summing the total moles of PAR received, by LI-COR quantum sensors (placed 10 cm above crown-level, at the plant canopy of each treatment). A procedure of night interruption (Runkle, 1998) was implemented on September 23, to elicit the desired plant morphological responses of elongated petioles and inflorescences, as well as, to maintain long-day photoperiod conditions during the short-day winter period. The NI procedure was two, 40 Watt incandescent lights that were installed above each 10 m 2 bench to provide lighting each night for three hours at midnight. The number and weight of each fruit was recorded for each plant within each treatment, twice weekly between 10/29/99 and 11/24/99, and once weekly between 12/3/99 and 1/23/99. Berries that weighed less than 4 grams or that were terribly misshapen were discounted as culls. The remainder of the berries were considered saleable and were included in the data displayed in Table 3 . Strawberry plantlets (Fragaria x Ananassa Duch. cv. Sweet Charlie) produced from cut runner tips, with two to three leaves, were rooted in 5 cm round plug cells in extra coarse perlite. The plants were rooted under intermittent overhead misting from 7/29/99 to 8/14/99 in a shaded greenhouse, then vernalized within an environmental plant growth chamber for a 15 day period ending 8/30/99. The growth chamber provided 9 hour photoperiods at an irradiance of 200 20 mol m -2 s -1 with CO 2 enrichment at 1000ppm/400ppm [day/night]. Average air temperatures were 21/21 C for 7 days then 21/12 C [day/night 1C] for the following 8 days. Average relative humidity was 65%/79% [day/night]. Nutrient Solution consisted of a 1:2:3 ratio of MgSO 4 :CaNO 3 :Chemgro(5-11-26), with EC of 1.0 mS cm -1  0.2, and pH of 6.5  0.5. Sixty of the vernalized and rooted strawberry plants were placed at a plant density of 11 plants m -2 on each of four, ebb and flood benches described by (Fischer et. al., 1990) . Each bench was a single treatment, which received natural sunlight (NL) during the day, as well as supplemental lighting (SL) at a specified irradiance and duration. All SL was provided during the natural solar day. DLI received each day was calculated from the sum of natural light and supplemental light (DLI = NL + SL). The intensity of SL was fixed for each treatment, while the time period that SL was applied each day was determined and controlled by a computer to achieve the DLI objective (Table 1) . 3.2 1.6 1.6 0
DLI Control Strategy
The computer was programmed to target a specific DLI for each treatment. This target DLI can be considered the objective, and it represents the sum of the natural photosynthetic light plus a controllable amount of supplemental light. DLI objective values of 12, 9, and 6 mol m -2 day -1 were used for the SLS12, SLS9, and SLS6 treatments, respectively. To accomplish this, the computer continuously monitored the plant canopy irradiance for each treatment, and then calculated DLI received to that minute of the day [DLI current ]. A phased-shifted cosine function model was used to estimate the total expected DLI for the day, based on the amount of DLI received up to that moment. This model calculated the percentage of a treatment's DLI objective that should have accumulated by a specific time of the day [DLI expected ], by multiplying the objective of the treatment (12, 9, or 6) by the percentage that should have accumulated by the current time of day. If the DLI current lagged behind the DLI expected , for example as a result of poor weather conditions, then the decision was automatically made to begin operating the supplemental lights. This decision occurred when the difference of the DLI expected and the DLI current equaled the maximum amount of supplemental irradiance [SL] that could be provided if the lights were operated for the remainder of the natural photoperiod. These values were based on the available constant supplemental irradiance of 0.64 mol m -2 hour -1 for the SLS12 treatment and 0.32 mol m -2 hour -1 for the SLS9 & SLS6 treatments. If by the end of the natural photoperiod, the DLI expected [i.e. the DLI objective] was still less than the DLI current , the supplemental lights would be stopped, but operated immediately at sunrise the following day, until the deficit [DLI expected -DLI current ] from the previous day was eliminated.
Results and Discussion
The measured greenhouse day and night air temperatures for each month, are listed in Table  2 . In November, the day/night setpoints were changed from 23/18 o C to 21/15 o C. Table 3 contains the average DLI and average fruit yield information for each treatment. The overall harvest window (10/29/99-1/23/99) has been divided into approximately 30 day segments, or harvest periods (i.e. 10/29/99-11/24/99 is October 29 th through November 24 th ). For each harvest period, the average DLI is given for the time span prior to harvest (i.e. transplant up to harvest), during harvest, and for the entire period from transplant through harvest. The DLI for each treatment was compared to the fresh fruit weight. There was a consistent and direct relationship of DLI to the number of fruit per plant, but an inverse proportional relationship between DLI and average fruit weight. The SLS9 treatment provided the greatest average yield per plant for the first two harvest periods, as well as for the total harvest window. The SLS12 treatment may have provided excessive light, as yields were lower than the unlit treatment. Losses to disease within this treatment may have affected results and thus final conclusions. Further investigation is required to determine the effects of DLI greater than 10 mol m -2 day -1 on strawberries. Mean separation by Fischer's Protected LSD (=0.05) is shown for each group of DLI means in Table 3 . Means labeled with the same letter are not statistically different. Mean separation is not shown for yield data due to plant losses caused by Pythium root rot that led to unequal and variable sample size. Due to greenhouse architecture, all treatments did not receive the same natural irradiance. This is the reason that the DLI values for the SLS9 and SLS6 treatments were not statistically different, even though the computer was aiming for different objectives. Also, supplemental light did illuminate adjacent treatments, as there was no procedure to completely isolate each treatment. This irradiance was as much as 35 mol m -2 s -1 . In all treatments, night interruption was an effective procedure to simulate long day conditions during the winter period and maintain fruiting stage of the strawberries. Fruit quality was excellent for all treatments, as the fruit were sweet, flavorful, firm and fragrant. Table 4 illustrates the potential economic advantage of using supplemental lighting in comparison to the natural lighting. The comparisons are based on yield data from Table 3 for each treatment and subsequent additional costs of operating the supplemental lights. The operational cost of supplemental lighting was calculated from the number of hours of operation, the electrical power requirement (kW m -2 ), and the cost of electrical power (0.12 $US kWh -1 ). The gross profit was calculated by assuming 3 $US per 150 g of strawberries in November and December, and 2 $US in January. The comparison of gross profit for the SLS treatments to that of the NL treatment shows only a small increase for the SLS9 treatment (Table 4 , column 5). The potential net increase in return was determined by subtracting the actual electrical power cost of the supplemental lighting (column 8) from the increased sale value of production (column 5) for each treatment for 11 and 32 plants m -2 . Supplemental light was not cost effective if plant density was 11 m -2 . However, for harvest periods one and two (10/29/99-12/29/99), the SLS9 treatment provided a significant advantage over the NL treatment, if plant density was increased to 32 m -2 . Durner (1999) did achieve comparable plant yields at 32 plants m -2 within a vertical production system. These preliminary results indicate that an average of 8 moles of PAR per day (SLS9 treatment) lead to a more rapid and more substantial fresh fruit yield than an average of 6 moles of PAR per day (NL treatment). The unexpected late-season success of the natural light treatment and poor performance by SLS12 suggests that more study is needed. The use of supplemental lighting did accelerate harvest date and yields prior to the January harvests, unlit treatment was most cost effective procedure when the entire harvest period is considered. The actual value of targeting niche markets during the winter holiday season cannot be determined from this study, however, should a greater $US per plant return occur, then supplemental lighting may be appropriate to insure a timely harvest within premium markets. The production increase of the natural light treatment indicates that it may be more appropriate for the grower to provide supplemental light only in a select portion of the facility and/or to operate the lights for special target windows.
Economics

Conclusion
The development of a supplemental lighting strategy is a critical first step towards lowering the overhead and operation costs in a commercial system. The experiments provided daily light integrals by varying the irradiance levels, duration, and timing of the supplemental lighting. Controlling supplemental lighting based on a daily objective was an effective method to minimize the supplemental lighting operational costs. Determining total yields obtained with the light integral treatments has provided insight into the development of a supplemental lighting strategy that has the potential to improve plant growth and economic return. All currently available data indicates that a viable light strategy would aim for 9 moles of light per day from August to December, followed by no supplemental light after late December. This strategy could first, capitalize on the early yields shown by SLS9 and later, capitalize on the increase fruit size and yield shown by NL. In addition to seasonal repetition of this experiment, future investigations should test the described supplemental lighting strategy at an increased plant density. 
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